Purpose: To investigate the macular microvasculature changes by optical coherence tomography angiography (OCTA) and analyse the correlation between these changes and central visual function in patients with retinitis pigmentosa (RP). Methods: We measured the area of the foveal avascular zone (FAZ) and the foveal and parafoveal flow density (FFD and PFD, respectively) in the superficial (S) and deep (D) retinal plexus by OCTA (AngioVue) and compared these values between 73 RP patients and 36 healthy controls. We analysed the relationships between these microvasculature measurements and central visual functions such as visual acuity (VA) and the values of static perimetry tests (Humphrey Field Analyzer, the central 10-2 program) in the RP patients. Results: The FFD-S, PFD-S and PFD-D were significantly decreased in the RP patients compared to the controls (all p < 0.05), whereas there was no significant difference in the FAZ-S, FAZ-D or FFD-D (all p > 0.05). A subgroup analysis showed that the RP patients with VA <20/20 had increased FAZ-S compared to the controls and RP patients with VA ≥20/20 (p = 0.01 and p = 0.007, respectively). Spearman rank testing demonstrated that PFD-S and PFD-D were significantly correlated with all of the central visual parameters (all p < 0.01). The FAZ-S and FFD-S were significantly correlated with VA, and FAZ-D and FFD-D showed no significant correlation. Conclusion: Both the superficial and deep layers of the parafoveal microvasculature are attenuated in RP and correlated with reduced central visual function. The foveal microvasculature, especially in the deep layer, was relatively preserved until mild-to-moderately advanced stages.
Introduction
Retinitis pigmentosa (RP) refers to a group of inherited retinal degenerations that result from rod and cone photoreceptor cell death (Hartong et al. 2006) . Vision loss in RP typically begins with night blindness and visual field constriction due to rod cell dysfunction and death, followed by loss of daylight and central vision due to cone cell loss (Narayan et al. 2016) .
The attenuation of retinal vessels is a classic feature of RP. The involvement of impaired retinal and choroidal blood flow in the pathology of RP has been demonstrated by multimodal techniques including the measurement of the intraocular pressure pulse amplitude (Langham & Kramer 1990) , laser Doppler velocimetry and a retinal function imaging technique (Grunwald et al. 1996; Beutelspacher et al. 2011) , and magnetic resonance imaging (Zhang et al. 2013) . Falsini et al. (2011) demonstrated that the reduced subfoveal blood flow measured by laser Doppler flowmetry was correlated with central cone function as assessed by focal electroretinograms in patients with RP. We also observed a significant correlation between macular blood flow measured by laser speckle flowgraphy and central visual sensitivity in static perimetry tests in patients with RP (Murakami et al. 2015) . These findings suggest that macular microvasculature changes may be implicated in the progression of RP, especially in the loss of cone-mediated central visual function.
Optical coherence tomography angiography (OCTA) is a recently developed non-invasive imaging technique that enables the visualization of the retinal vascular network using a split-spectrum amplitude-decorrelation angiography algorithm. Optical coherence tomography angiography (OCTA) offers automated segmentation of fullthickness retinal scans into the 'superficial' and 'deep' inner retinal vascular plexuses, outer retina and choriocapillaris (de Carlo et al. 2015a) , and it can provide more detailed vascular images compared to fluorescein angiography.
Recent studies using OCTA have validated the concept that the deficits in retinal microvasculature have an important role in the pathophysiology of degeneration in the retina and optic nerve (Koustenis et al. 2017) . A decrease in vessel density was observed in patients with glaucoma (Leveque et al. 2016) , and it was reported that the visual field deficits in patients with glaucoma were more strongly associated with vessel density than structural changes in the optic nerve (Yarmohammadi et al. 2016) .
Several studies have reported the retinal microvasculature changes in RP patients using OCTA. Battaglia Parodi et al. (2016) reported that vascular impairment was observed in the deep retinal vascular plexuses in the OCTA analysis of 16 cases. Toto et al. (2016b) recently demonstrated that superficial and deep capillary plexus densities were significantly correlated with multifocal electroretinogram amplitudes and ganglion cell complex thickness in the 14 RP patients. Another case series with 13 RP patients showed that the microvascular changes in the deep retinal layer were seen in mild or more advanced RP cases and that the vessel networks in the superficial retinal layer were relatively retained even in severe RP cases (Rezaei et al. 2017) . However, these alterations in retinal vasculature and its relationship with visual function should be confirmed in a larger population.
Because neurons and vascular vessels closely interact in the neurovascular units (Usui et al. 2015) , we hypothesized that the deeper retinal vasculature may be predominantly altered in RP due to the loss of photoreceptor cells. To test this hypothesis, we used OCTA to investigate the macular microvasculature changes in 73 RP patients, and we evaluated the association between these changes and central visual function.
Patients and Methods

Ethics statement
This study was approved by the Institutional Review Board of Kyushu University Hospital (Fukuoka, Japan) and was conducted in accordance with the tenets of the Declaration of Helsinki on biomedical research involving human subjects. Written informed consent was obtained from all subjects for this study.
Patients
Patients were recruited from Kyushu University Hospital in 2015-2016. A total of 73 patients with the diagnosis of typical RP were enrolled. The diagnosis of typical RP was based on a patient's history of night blindness, visual field constriction and/or ring scotoma, and markedly reduced or non-recordable a-and b-wave amplitudes on electroretinography (ERG) testing, in addition to ophthalmoscopic findings (e.g. bone spicule-like pigment clumping in the mid-peripheral and peripheral retina and attenuation of retinal vessels). Patients with cone-rod or cone dystrophy, Bietti crystalline retinopathy, uveitis or suspected cancer-associated retinopathy were excluded.
To obtain good-quality OCTA images, we included RP patients who were able to maintain stable fixation during image acquisition (~3 seconds). We excluded patients associated with macular oedema and patients who had refractive errors (spherical equivalent) of À6 dioptres or greater because the vascular density in OCTA was shown to be altered in patients with high myopia (Li et al. 2016 ).
Controls
We included 36 healthy controls without ocular diseases or systemic diseases in the study. Controls who had refractive errors (spherical equivalent) of À6 dioptres or greater were excluded.
Visual acuity (VA) testing
The best-corrected visual acuity (BCVA) was measured with the Landolt decimal VA chart (CV-6000, Tomey, Nagoya, Japan; or AVC-36, Kowa, Nagoya, Japan) at 5 m or single Landolt test cards (HP-1258, Handaya, Tokyo), and it was converted to the logarithm of the minimum angle of resolution (logMAR) units.
Visual field testing
All patients underwent automated static perimetry testing [Humphrey Field Analyzer (HFA); Humphrey Instruments, San Leandro, CA, USA] using the central 10-2 Swedish Interactive Thresholding Algorithm Standard Program. The lens was corrected as appropriate for the test distance. Visual field testing was repeated if the test reliability was not satisfactory (fixation loss >20%, false positive >15% or false negative >33%). The test was performed twice in the initial visual field testing, and the result with the better mean deviation (MD) value was used for the analysis to reduce the learning effect. A follow-up examination was performed only once unless the test reliability did not meet the criteria. Visual sensitivity parameters including the MD value and the averaged macular sensitivity (MS) at the central four and 12 points were analysed as described (Iijima 2012; Ikeda et al. 2012 Ikeda et al. , 2013 .
Optical coherence tomography angiography (OCTA)
The Optovue RTVue XR 100 AVANTI, version 2015.100.0.35 (Optovue, Fremont, CA, USA), was used for the OCTA image acquisition. The scanning algorithm is as follows: two B-scans are captured at each fixed position before proceeding to the next sampling location, and two orthogonal OCTA volume scans (one horizontal and one vertical) are used to minimize motion artefacts and fixation changes. Splitspectrum amplitude-decorrelation angiography was used to detect the flow and produce OCTA images and en face sections. A scan area of 3 9 3 mm 2 was chosen, centred on the fovea. Each resulting OCTA en face image contained 304 9 304 pixels created from the intersection of the 304 vertical and the 304 horizontal B-scans. Optical coherence tomography angiography (OCTA) measurements were performed at the same visit as the visual testing. All scans were reviewed independently by two investigators (S.N. and Y.M.) to ensure correct segmentation and sufficient image quality. We defined sufficient quality images as the scans that were centred on the macula and did not have a loss of focus, blink lines, motion artefact, specular dot or edge duplication. If the image quality was deemed inadequate, OCTA was performed again at another follow-up visit. In cases in which repeated scans did not achieve sufficient image quality, the corresponding patients were excluded from the study.
Optical coherence tomography angiography (OCTA) segmentation was performed using the AngioVue module with the Optovue RTVue XR 100 AVANTI software (ver. 2015.100.0.35) . Each 3 9 3 mm 2 scan area was automatically segmented as follows: the superficial capillary plexus en face image was segmented with an inner boundary at 3 lm beneath the internal limiting membrane and an outer boundary set at 15 lm beneath the inner plexiform layer, whereas the deep capillary plexus en face image was segmented with an inner boundary 15 lm beneath the inner plexiform layer and an outer boundary at 70 lm beneath the inner plexiform layer.
The flow density was calculated as the percentage area occupied by vessels in the selected region (Pechauer et al. 2015) . The FFD and PFD were defined as the flow density in the foveal region with a diameter of 1 mm and the parafoveal region with a diameter from 1 mm to 2.5 mm, respectively; these were automatically analysed using the Optovue RTVue XR 100 AVANTI software (ver. 2015.100.0.35), which was installed on the Optovue OCTA instrument ( Fig. 1) .
Central subfield thickness (CST) was defined as the average thickness in the central 2.5-mm-diameter circle; the CST was also automatically measured by the Optovue OCTA instrument.
Foveal avascular zone (FAZ) measurements
The size of the FAZ was assessed for all images by two observers (Y.K. and J.F.) who were masked to the clinical information. The FAZ area was measured using IMAGEJ software (a publicly available image processing program developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb. info.nih.gov/ij/index.html) after setting the scale to 304 9 304 pixels in 3 9 3 mm 2 scan area. Figure 2 shows a sample FAZ image in superficial and deep plexuses. Edge points were manually selected along the centreline of the vessels. Examples of a manually selected FAZ boundary are shown in Fig. 2 . The area of the FAZ was calculated by multiplying the number of pixels within the contour by the area of a single pixel. The FAZ area was separately calculated for the superficial plexus FAZ area and deep plexus FAZ area. We used the mean value of FAZ area measured by the two observers for the analysis.
Statistical analysis
The results obtained from the right eye of each subject in both the control and RP groups were analysed. Data are presented as the median and range. All analyses were performed by JMP version 11.0 (SAS Institute, Cary, NC, USA).
The Shapiro-Wilk test was used to determine whether the data were normally distributed. Wilcoxon rank-sum tests were used to determine whether the age, FAZ, FFD and PFD were significantly different between the RP patients and controls. The chi-squared test was used to determine whether the sex distribution was significantly different between the RP patients and controls. The significance of the differences in the CST between the RP patients and controls was determined by Student's t-test. The significance of the differences in the age and CST among three groups (controls, RP patients with VA ≥20/20 and RP patients with VA <20/20) was determined by the Kruskal-Wallis test. The significance of the differences in the FAZ, FFD and PFD among the three groups was determined by Wilcoxon rank-sum test with Bonferroni correction. The relationship between the foveal and parafoveal microvasculature measurements (FAZ, FFD and PFD) and visual parameters and the relationship between these values and CST were examined by Spearman's rank correlation coefficient. The intraclass correlation coefficient (ICC) between two observers was calculated for measuring the FAZ.
A p -value of <0.05 was considered significant. When the Bonferroni correction was applied, the significance level was set at a = 1.6 9 10 À2 .
Results
The foveal avascular zone (FAZ) and flow density in the RP patients and controls A total of 73 eyes of the 73 patients with RP and 36 normal eyes of the 36 controls were included in the present analyses. The demographic data of the study population are summarized in Table 1 . There were no significant differences in age or gender distribution between the two groups.
The superficial FFD (FFD-S), superficial PFD (PFD-S) and deep PFD (PFD-D) of the RP patients were significantly decreased compared to those of the controls (p = 0.049, <0.001 and <0.001, respectively), whereas there was no significant difference in the FAZ area in the superficial or deep layers (FAZ-S and FAZ-D) or the deep FFD (FFD-D) between the control and RP groups ( Table 2 ). The ICC of the FAZ-S measurements was 0.898 in controls and 0.902 in the RP patients, and that of FAZ-D was 0.865 in the controls and 0.866 in the RP patients, indicating the high reliability of FAZ measurement in our analysis.
Parafovea
Fovea 1 mm 2.5 mm Fig. 1 . An example OCTA en face image (OD, right eye) of the superficial retinal plexus. The images represent a 3 9 3 mm 2 area. The foveal flow density with a diameter of 1 mm and parafoveal flow density with a diameter from 1 mm to 2.5 mm were automatically analysed using the Optovue RTVue XR 100 AVANTI software (ver. 2015.100.0.35). OCTA, optical coherence tomography angiography.
Of the 73 patients with RP, 49 patients had VA ≥20/20 and 24 patients had VA <20/20 (Table 3) . Compared to the controls and VA ≥20/20 RP patients, the RP patients with VA <20/ 20 had significantly increased FAZ-S (p = 0.012 and 0.007, respectively) and significantly decreased FFD-S (p < 0.001 and p = 0.004, respectively), PFD-S (p < 0.001 and p = 0.011, respectively) and PFD-D (p < 0.001 and p = 0.008, respectively; Figs 3A, 4A,C,D). On the other hand, no significant difference was observed in FAZ-D or FFD-D (Figs 3B, 4B) .
We next compared the superficial and deep values for the FAZ, FFD and PFD. In both the controls or RP patients, there were significant differences between FFD-S and FFD-D (p < 0.001 and p = 0.039, respectively) or between PFD-S and PFD-D (p < 0.001 and p < 0.001, respectively; Fig. S1B,C) . In contrast, there was no significant difference between FAZ-S and FAZ-D in either the controls or RP patients (p = 0.173 and p = 0.541, respectively; Fig. S1A ).
We additionally analysed the difference in the FAZ-D versus FAZ-S for each subject. We calculated the difference by the following formula: FAZ-D (mm 2 )ÀFAZ-S (mm 2 ). The difference in the FAZ-D versus FAZ-S for each subject was not significant between the controls and RP patients (p = 0.985; Fig. S2) . A subgroup analysis showed that the differences in the FAZ-D versus FAZ-S for each subject were not significant between the controls and RP patients with VA ≥20/20 (p = 0.637), the controls and RP patients with VA <20/20 (p = 0.394), and RP patients with VA ≥20/20 and VA <20/20 (p = 0.198; Fig. S3 ).
The correlation between the retinal microvasculature measurements and visual parameters in the RP patients
We investigated the correlations between the foveal and parafoveal microvasculature measurements (FAZ, FFD and PFD) and visual parameters in the 73 patients with RP. The results showed that the PFD-S and PFD-D were significantly correlated with all of the central visual parameters (all p < 0.01). The FAZ-S and FFD-S were only partially correlated with these parameters, and FAZ-D and FFD-D showed no significant correlation (Table 4) . Table 4 ).
Discussion
In this study, we evaluated the foveal and parafoveal microvasculature changes in RP patients using OCTA. The results showed that the parafoveal retinal microvasculature in both the superficial and deeper layers is significantly attenuated in an earlier stage of RP, and these changes were correlated with the loss of central visual function. The foveal microvasculature, especially in the deep layer, was relatively preserved until mild-tomoderately advanced stages in RP patients. Our detailed OCTA analysis in a relatively large population of RP patients has characterized the spatial pattern of retinal vascular remodelling, and our findings suggest relationships between retinal vasculature changes and cone degeneration in RP.
The attenuation of parafoveal retinal vasculature in our RP patients was consistent with previous studies by Battaglia Parodi et al. (2016) and Toto et al. (2016b) , which showed decreased retinal vascular density (both superficial and deep) in the 3 9 3 mm 2 area and in the 1-to 2.5-mm annular area, respectively. However, some discrepancies between those studies and our present findings remain. Battaglia Parodi et al. showed that the FAZ in the deeper layer was enlarged in RP patients, whereas we did not find differences in the deeper FAZ between the RP patients and controls, but rather observed that the superficial FAZ was enlarged in the subgroup of RP patients with worse VA (<20/20).
Because we predicted that the deeper retinal vasculature would be predominantly altered along with cone degeneration in RP, the superficial, but not deep, FAZ enlargement was an unexpected finding. A histological study of advanced RP patients' eyes showed that the inner nuclear layer was relatively preserved, whereas significant cell loss was observed in the ganglion cell layer (Santos et al. 1997) . Recent studies using computational molecular phenotyping demonstrated that the metabolic state of M€ uller cells, which support retinal ganglion cell survival, is chaotically disrupted in the early stage of RP Pfeiffer et al. 2016) . Because neurons, glia and vascular components tightly interact during development and degeneration (Usui et al. 2015; Vecino et al. 2016 ), these histological findings may indicate that superficial retinal plexus changes precede the changes in the deeper vasculature.
Another possibility is that the superficial vascular plexus may be more susceptible to structural changes in the fovea due to photoreceptor cell loss. The results of the present analyses showed that the correlation between the FAZ area and foveal thickness in RP patients was stronger in the superficial layer than the deep layer. These findings suggest that the superficial foveal vessels may be tangentially stretched along with the anatomical thinning of the retina in RP.
Thirdly, the absence of retinal microvasculature changes in the deep retinal plexus might be due to the projection artefact (Spaide et al. 2015) . This artefact results from fluctuating shadows cast by flowing blood in superficial vascular layers that cause false blood flow signals in deeper layers. In the present study, we observed the projection artefact in the deep vascular layer of a(~32% (25 of 73) of the RP patients associated with thinning of the CST, but in a(~3% (one of 36) of the controls. To minimize the effect of projection artefact, we additionally analysed the data with exclusion of these images. However, exclusion of the subjects with projection artefact did not largely affect the results (Tables S1,S2 , and Fig. S4) . Therefore, the effect of projection artefact might be relatively limited in the present study. Fourthly, the difference of OCTA instruments may influence the vascular analyses in RP patients. The present study and one former study (Toto et al. 2016b ) used the Optovue AngioVue, another former study (Battaglia Parodi et al. 2016 ) used the Zeiss AngioPlex, and the other study (Rezaei et al. 2017 ) used a Zeiss 840-nm spectral-domain OCTA prototype system with an optical microangiography algorithm. De Vitis et al. (2016) recently compared the performance of the Zeiss AngioPlex and Optovue AngioVue in clinical practice, and they showed that the AngioPlex required a shorter execution time and provided a higher number of images available for analysis compared with the AngioVue. Therefore, the characteristics of OCTA instruments may affect the inclusion criteria for subjects and the selection criteria for OCTA images, which may result in the discrepancies between studies. However, the effects of OCTA instruments on the FAZ size or vascular density have not been fully elucidated, and these points should be clarified in future studies to adequately interpret the data.
Moreover, several differences in study design should be noted. Retinitis pigmentosa (RP) patients whose cases were associated with macular oedema were excluded from our study. The methods for analysing vasculature and the patient clinical and genetic backgrounds differ between our study and those reported by former studies (Battaglia Parodi et al. 2016; Toto et al. 2016b) . All of these factors may contribute to the differences in OCTA findings.
Our study showed that, although there is no significant difference, the median value of FAZ-D was larger in the RP patients with VA <20/20 than in the controls and RP patients with VA ≥20/20 in our study. The reduction in sample size in the subgroup analysis may attenuate the statistical power to detect the differences between the groups. Therefore, the foveal microvasculature changes in the deep layer might be detected by increasing the number of subjects or improving the image quality of OCTA instruments, and these points should be clarified in future studies.
Our study demonstrated that the parafoveal retinal vasculature density was more strongly correlated with central visual function than the foveal microvasculature values. These findings suggest that the retinal vasculature changes in RP may be secondary to rod and cone degeneration. In RP pathology, it is postulated that reduced oxygen consumption due to photoreceptor cell loss causes oxygen diffusion from the choroidal vessels into the inner retina, reducing the need for oxygen delivery from the retinal circulation. This may result in altered retinal vessel oxygen saturation and retinal vascular regression (Eysteinsson et al. 2014; Turksever et al. 2014) .
On the other hand, it is still possible that decreased blood flow conversely affects the late phase of retinal degeneration, in which bystander cells, such as cones and other cell types, are injured following rod cell loss. Experimental studies showed that dying cones in mouse models of RP exhibited molecular and morphological characteristics of nutrient starvation, suggesting that decreased blood flow may stress the cone cells in RP (Punzo et al. 2009; Murakami et al. 2012) . In line with these findings, our clinical study showed that topical unoprostone increased the macular blood flow and preserved central visual function in patients with RP (Akiyama et al. 2014) . Optical coherence tomography angiography (OCTA) displays erythrocyte movement by comparing the decorrelation signal between sequential B-scans at the same location. Optical coherence tomography angiography (OCTA) can delineate smaller capillaries and the deeper retinal vasculature, both of which are not visible by conventional fluorescein angiography (de Carlo et al. 2015b; Spaide et al. 2015) . The decrease in vascular density in OCTA has been shown in various diseases in the retina and the optic nerve (Freiberg et al. 2016; Toto et al. 2016a; Koustenis et al. 2017) . However, the loss of vasculature in OCTA should be carefully interpreted. It is not yet known whether the vascular flow is lost or reduced below a certain threshold of OCTA detection.
There are several limitations in our study, including the lack of genetic data. We included typical RP cases; however, it would be difficult to completely differentiate between inherited rod-cone degeneration and other diseases such as choroideremia, enhanced S-cone syndrome and secondary retinal degeneration. Despite advances in molecular genetics, an estimated 40% of RP cases remain without a molecular diagnosis in the Western world (Carss et al. 2017) , and a study that performed targeted resequencing in Japanese patients showed that the unidentifiable rate is much higher (a (~65%), probably due to the differences in causative mutations among ethnicities (Oishi et al. 2014) . It would be important to include genetic data and then evaluate the genotype-phenotype relationships; however, this may warrant further advances in molecular genetic testing, especially for Asian RP patients.
Moreover, the OCTA images were acquired only once for each subject, and we were therefore unable to assess the test-retest variability in RP patients.
Because of the study's cross-sectional design, we were not able to assess the precise cause-effect relationship between the retinal microvasculature changes and cone-mediated central visual function. Further prospective studies investigating whether the retinal microvasculature changes are associated with central visual function including contrast sensitivity will provide a better understanding of the pathophysiology of cone cell loss in RP.
In summary, our findings indicate that parafoveal retinal vascular density is decreased at an earlier stage of RP, and this change is correlated with central visual function. The foveal microvasculature, especially in the deep layer, was relatively preserved until the mild-to-moderately advanced stages of RP. These findings suggest that macular vascular changes start from the parafoveal region in RP patients and may occur concomitantly or followed by cone cell loss. 
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